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CHAPTER I 
 
INTRODUCTION 
 
Society depends on soil for food production, but little is known about soil formation 
(pedogenesis) in areas underlain by carbonate rocks, such as limestone and dolomite. Carbonate rocks 
comprise ~10% of the surficial geology of ice-free continents by area and ~20% of all Phanerozoic 
sedimentary rocks by volume (Ford and Williams, 2007). In the United States, carbonates are exposed 
over 17% of the surface area, with the majority occurring in the southeast (Davies et al., 1984). Despite 
the abundance of limestone exposed at the surface globally, there have been relatively few studies 
examining the origins of modern soils in limestone terranes. This soil provenance study was designed to 
characterize the parent material of soils forming atop limestone at two locations in Middle Tennessee 
using a novel application of zircon U-Pb geochronology, along with element mass fluxes and other 
geochemical methods. In the following I discuss soil development atop island carbonates and atop the 
more siliceous carbonates of Middle Tennessee. 
I.1 Soil Development in Limestone Terranes 
Island Carbonates 
Weathering of very pure limestone should not produce soil, yet soils are commonly observed on 
limestone bedrock. Studies of terra rossa soils atop pure limestones in the Caribbean have shown that 
these soils were derived from aeolian input of dust from Africa (e.g. Muhs et al., 2007, 2012). While these 
studies support the development of soil from aeolian parent material rather than from insoluble residues, 
Muhs et al. (2007) suggest that this may be due to the general lack of significant impurities in island 
carbonates.  
Siliceous Carbonates 
In contrast to the high-purity island carbonates, a majority of the bedrock in Middle Tennessee is 
“dirty” limestone, reported to have a significant silt component (Holland and Patzkowsky, 1997). 
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Furthermore, African dust is not believed to be a significant soil input in Middle Tennessee. So, what is 
the parent material for Middle Tennessee soils? Candidates include: 1) loess; 2) alluvial sediments; 3) 
insoluble residue formed from the dissolution of “dirty” limestone; 4) volcanic material, including 
volcanic ash. Without volcanoes nearby to provide end-member (4), the southeastern US derives its soil 
from some combination of the first three end-members. All three are viable candidates for soil formation 
in Middle Tennessee. 
According to the AGI Glossary of Geology (4th ed., 1997), loess is “windblown dust of 
Pleistocene age, carried from desert surfaces, alluvial valleys, and outwash plains, or from unconsolidated 
glacial or glaciofluvial deposits uncovered by successive glacial recessions but prior to invasion by a 
vegetation mat” (p. 375). Abundant loess is found in the Mississippi Valley—a region heavily dissected 
by dense drainage networks that transport large volumes of sediment. Huckemeyer (1999) examined soil 
formation atop terraces along a section of the Harpeth River in Middle Tennessee and concluded that the 
soils were polygenetic, derived primarily from the weathering of the underlying bedrock, but with a 
secondary loess component. Previous studies have documented massive, thick-bedded units of 
Mississippi Valley loess in West Tennessee (e.g. Rodbell, 1996 and Rodbell et al., 1997), but there have 
been no other published studies documenting the presence of this loess this far to the east in Middle 
Tennessee. 
Rivers deposit alluvium in the floodplains along their banks. These floodplains are eventually 
abandoned as the river continues to incise into the bedrock and become river terraces that, with time, may 
develop soils atop them from weathering of the alluvium. During chemical weathering of limestone, the 
calcium carbonate component dissolves congruently, and is thus completely removed, leaving only a 
residuum containing siliciclastics from whatever silt fraction is present in the rock. While the silt fraction 
of the “dirty” limestone is probably dominated by quartz, feldspars, and other common silicate minerals, 
it may also contain heavy minerals, i.e., dense accessory minerals that are commonly used for 
geochronology such as zircon. Additionally, some of these units, such as the Hermitage Formation, 
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contain stylolites that formed by carbonate dissolution, which should concentrate zircon and other 
insoluble minerals. 
The purpose of this study is to test the hypothesis that soils within the Middle Tennessee region 
are derived solely from insoluble residue left behind from the dissolution of the underlying limestone 
bedrock using zircon U-Pb age spectra, element mass fluxes, and other methods with soil-bedrock pairs 
collected from two different locations: 1) Atop a high terrace along the Harpeth River identified by 
Huckemeyer (1999); and 2) On a flat surface atop a road-cut exposure. 
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CHAPTER II 
 
STUDY LOCATION AND SITE DESCRIPTIONS 
 
II.1 Study Location and Geologic Setting 
Middle Tennessee encompasses an area of more than 44,000 km2 and is comprised of 41 different 
counties (Foster, 1923/2009). Its borders are geographically defined by a segment of the Tennessee River, 
which forms the western boundary of this region, and the Cumberland Plateau, which forms the eastern 
boundary. Middle Tennessee is predominantly comprised of Ordovician and Mississippian bedrock and 
may be divided into two physiographic provinces, the Nashville Basin (also known as the Central Basin), 
and the Highland Rim. The Ordovician bedrock, which is exposed in the Nashville Basin, consists of 
limestone interbedded with shale, whereas the Mississippian bedrock of the Highland Rim and 
surrounding areas is characterized by abundant chert—especially within the Fort Payne formation—and is 
less calcareous in composition (Fig. 1; Wilson, 1990). 
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Figure 1 Stratigraphic column depicting the stratigraphy of Middle Tennessee created by Bob Beaver of Beaver Engineering, 
Inc. based on Wilson (1990). 
II.2 Field Sites 
 For this study, the ideal field sites were topographically high, flat areas featuring unique 
juxtapositions of overlying soil and underlying bedrock units. Soils located at these higher elevations are 
less likely to have been disturbed by anthropogenic or fluvial processes. Similarly, the absence of steep 
slopes reduces the potential that the soils will have been disturbed. To best test soil derivation from 
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weathering of bedrock, it was important for the limestone bedrock to be relatively siliceous in 
composition. Based on the aforementioned specifications, two locations were chosen (Fig. 2). 
 
Figure 2 Map displaying the two locations from which samples of soil and bedrock were collected. Site 1 is located atop a 
bedrock terrace along the Harpeth River. Site 2 is located atop an outcrop along Highway 840. 
Site 1: Harpeth River Terrace 
Site 1 is located atop a late Pleistocene terrace along the Harpeth River in Cheatham County and 
features ultisols overlying cherty limestone bedrock of the Fort Payne Formation (Fig. 3; Nicholson et al., 
2005). 
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Figure 3 Maps depicting satellite imagery, soil order, and bedrock geology of the area around Site 1 along the Harpeth River. 
The geologic unit symbols "Mfp” and “D” refer to the Mississippian Fort Payne Formation, and the Devonian Pegram 
Formation, respectively, and “S” refers to Silurian rock units, including the Brassfield Limestone, Wayne Group, and 
Brownsport Formation. The site marked on the map is located at approximately 36.138746° N, 87.109788° W. Geological 
data from Nicholson et al. (2005). Soil data from NRCS (2012). 
Within the field area, the bedrock is predominantly chert, with little or no calcium carbonate 
component present. This terrace and the soils that sit atop it were examined in the Master’s Thesis study 
of Vanderbilt University student Jessica Huckemeyer. Huckemeyer (1999) investigated soil formation 
along the upper 40 km of the Harpeth River. While the soils in the valley are mainly comprised of chert 
and quartz (Brietburg et al., 1996)—the residual materials left behind from dissolution of the limestone 
bedrock—Huckemeyer (1999) suggests that soils atop multiple late Pleistocene terrace levels contain a 
loess component. Huckemeyer (1999) claimed to have observed a loess mantle more than 25 cm thick 
within the soils atop the terrace at Site 1, and correlated the surface to the Hatchie Terrace of Saucier 
(1987), a Sangamon Prairie Terrace equivalent (~128 to ~75 ka). Sangamon age surfaces in the 
southeastern United States have experienced two episodes of loess deposition (Huckemeyer, 1999). The 
first corresponds to deposition of the Roxana Silt (60 to 26 ka; Rodbell et al., 1997). The second and most 
recent event corresponds to deposition of the Peoria Loess (26 to 12 ka; Rodbell et al., 1997), which was 
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deposited during the last glacial period across a broad region of the mid-continent throughout the 
Mississippi Valley (Fig. 2 from Bettis et al., 2003).  
Although a Sangamon age terrace would have likely experienced both episodes of loess 
deposition, Huckemeyer (1999) interpreted the loess mantle as correlating to 25 cm of Peoria Loess 
deposition. As for the Roxana Silt, Huckemeyer (1999) determined that soil development had masked any 
loess deposition that occurred during that time period. A thickness on the order of 10’s of cm for the 
Peoria Loess along the Harpeth is in agreement with an eastward-decrease in thickness from several-
meter thick loess deposits at localities in West Tennessee observed by Rodbell et al. (1997).  
Informed by Huckemeyer (1999), I sought to determine if soils atop this Sangamon age terrace 
did indeed reflect derivation from multiple sources, or instead formed solely from weathering of the 
cherty limestone bedrock. 
Site 2: Highway 840 Outcrop  
Site 2 is located atop a road-cut exposure along Tennessee State Route 840. The outcrop features 
alfisols overlying limestone of the Hermitage Formation (Fig. 5; Nicholson et al., 2005). 
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Figure 4 Maps depicting satellite imagery, soil order, and bedrock geology of the area around Site 2 along TN-840. The 
geologic symbols “Mfp” and “Oca” denote the Mississippian Fort Payne Formation and the Ordovician Carters Limestone, 
respectively, “Ou” refers to the Ordovician Liepers and Catheys formations, and “Obh” refers to the Ordovician Bigby-
Cannon and Hermitage formations. The site marked on the map is at approximately 35.81993° N, 86.755888° W. Geological 
data from Nicholson et al. (2005). Soil data from NRCS (2012). 
Due to the high proportion of siliciclastics characteristic of the Hermitage Formation, dissolution 
of the bedrock over long periods of time should yield abundant insoluble residuum from which soils may 
form. Additionally, the bedrock at Site 2, being more calcareous in composition than that of the first field 
location, is more representative of the limestone bedrock found in Middle Tennessee. An understanding 
of the process of soil formation atop the limestone bedrock at this field site can inform us about this same 
process atop other Ordovician limestone units in the region. I anticipated that this site would support the 
hypothesis of soil derivation from weathering of the underlying bedrock.  
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CHAPTER III 
 
METHODS 
 
 To determine if weathering of the underlying bedrock had yielded the overlying, modern-day soil, 
soil-bedrock pairs were analyzed for their chemical compositions and zircon U-Pb age spectra. The soil-
bedrock pairs feature different soil taxa representing different stages of soil development, and different 
types of bedrock, encompassing some of the variation of soil types and bedrock geology within the 
broader Middle Tennessee region. Samples were collected in June and November of 2013. 
III.1 Sample Collection 
 At each of the two sites, a trench was excavated down to the impermeable saprolite layer. Soil 
profiles were logged based on the cross-sectional view revealed by the trench. For each soil horizon, the 
Munsell color, relative amount of organic matter and clay, texture, and other observations were recorded. 
If one or more well-defined B-horizons were present, several gallons of each horizon were taken. In the 
absence of well-developed soil horizons, a composite sample of the A and B horizons was collected. At 
Site 1, samples of the B1 and B2 horizon were collected and are henceforth referred to as “B1” and “B2.” 
At Site 2, a composite sample of the A and B horizons was collected and is henceforth referred to as 
“840W.”  
 For each sampled soil horizon, an additional sample to measure the bulk density was collected 
using a small piece of metal tubing with a known volume. The metal tubing was pounded horizontally 
into the wall of the excavated trench, and then carefully unearthed to minimize any loss of material from 
the tubing or compression of the soil. The sample was weighed to calculate bulk density upon return to 
the lab.  
 Several kilograms of bedrock were collected from each site using a 4 lb. sledge hammer. The 
sampled bedrock was collected from exposures that were no more than 10 m away from the soil trench. 
Great efforts were made to collect a representative sample of the rock from each of the two locations to 
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account for any small-scale heterogeneities that might have been present. Bedrock that was already 
weathered was avoided. At Site 1 a sample of the Fort Payne Formation—henceforth referred to by its 
USGS map designation, “Mfp”—was collected. At Site 2 a sample of the Hermitage Formation—
henceforth referred to by its USGS designation, “Oh”—was collected. 
III.2 Sample Preparation 
 Once the samples were collected, they were prepared following different sets of procedures that 
were tailored to the specific characteristics of the sample itself. 
Soil Samples 
 Soils were all processed following the same set of methods. Sample preparation procedures for 
soil samples are outlined in Figure 5. 
 
Figure 5 Flow chart outlining the preparation steps for soil samples for different analyses. 
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 First, soil samples were allowed to air dry overnight, after which ~1/3 of each sample was set 
aside. The remaining material, representing ~2/3 of the overall sample (~2-3 kg) was dried in an oven at 
110 °C. The dried soil was then ground in a mortar and pestle and sieved using a 2 mm (USS #10) mesh 
sieve. This sieved material was then set aside to undergo standard mineral separation procedures 
described in Section III.5. 
 Two subsamples were taken from the air-dried portion of each soil, measuring ~5-10 g and ~25 g 
respectively. Following Tan (2005, p. 448), a 25 g sample was treated with 200 – 300 mL of H2O2 to 
remove any organic material. From the remaining material, a sample of ~5-10 g was taken to be sent 
away for XRD analysis (Sect. III.4). A 1-2 g sample was taken to analyze grain size using a Malvern 
Mastersizer 2000E. For grain size analysis, a 0.5 g portion of the sample was wet-sieved through a 1 mm 
sieve (USS #18).  
 The 5-10 g sample was processed through the loss on ignition (LOI) procedures (Sect. III.3). 
Approximately 0.5 g of the remaining material was combined in a 2:1 ratio with LiBO2 and ground in a 
mortar and pestle under acetone. Once dry, a small portion of the soil-LiBO2 mixture, typically ~0.2 g, 
was heated in a graphite crucible at 1100 °C for 5 minutes to fuse the material into a homogeneous glass 
bead. The bead was then mounted in a 1” epoxy mount and polished in preparation for analysis in the 
SEM and LA-ICP-MS. 
Bedrock Samples 
 Sample preparation steps for bedrock samples are outlined in Figure 6. 
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Figure 6 Flow chart outlining the preparation steps for bedrock samples for different analyses. 
 Rock sample preparation consisted of reducing the large boulders that were collected to smaller 
sized material for different analyses. A sledge hammer was first used to break the rocks into more 
manageable pieces that were fist-sized or smaller. A representative sample of these rock chunks was set 
aside for later use. The rest of the broken-up rock was processed through a jaw crusher to further reduce 
the size of the material. A 200 – 500 g portion of the resulting material was processed with a SPEX 
shatterbox to produce a rock powder. From this material, three samples, measuring 5 g, 5-10 g, and 10-20 
g respectively, were taken. The 5 g sample was treated with 20% acetic acid to dissolve carbonate. At the 
end of the dissolution, the remaining material was dried and weighed to estimate the percent insoluble 
residue. The 5-10 g sample was treated with full strength glacial acetic acid. The undissolved material 
was sent out for XRD analysis. The 10-20 g sample was heated in a graphite crucible at 1000 °C for 30 
minutes to remove the carbonate component. From the remaining material, 0.5 g was mixed in a 2:1 ratio 
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with LiBO2 and ground in a mortar and pestle under acetone. Just as with the soil preparation procedures, 
~0.2 g of this mixture was heated in a graphite crucible at 1100 °C to fuse the material into a glass bead. 
The bead was then mounted in a 1” epoxy mount and polished to prepare it for SEM and LA-ICP-MS 
analyses. 
 The remaining crushed material was reduced to smaller particles in a disc mill. Next, the disc-
milled material was sieved with an 850 µm (USS #20) sieve. If the sample was found to be devoid of any 
dissolvable CaCO3—e.g. the Mfp bedrock sample—the material was processed using standard mineral 
separation procedures (Sect. III.5). Alternatively, if the rock contained enough calcium carbonate to 
effervesce with the addition of hydrochloric acid, it was treated with acid to remove this component. A 
majority of the dissolution was carried out using 10% hydrochloric acid, but the concentration was 
increased to ~36% towards the end of the dissolution. The resulting material was then also processed 
through standard mineral separation procedures (Sect. III.5). 
 Finally, from the rock material set aside for later use as a reference, a few representative pieces 
were selected for measurement of their density by volume displacement. The rock chunks were weighed 
one by one, before being immersed in water in a large graduated cylinder, at which point the volume 
displaced by each was noted. Their densities were calculated and averaged to find one density value for 
each sample. 
III.3 Loss on Ignition (LOI) 
 As indicated in Figure 5, a 5-10 g sample of each soil was processed through loss on ignition 
(LOI) procedures to estimate the proportions of different components. The temperature-steps used in this 
procedure were chosen based on the findings in Ball (1964). Each sample was initially weighed before 
being dried overnight at 110 °C. Once cooled, samples were weighed again to estimate the adsorbed 
water content. Next, samples were heated at 375 °C for 4 hours, cooled, and weighed again to estimate 
total organic carbon. The samples were then heated at 600 °C for 2 hours, cooled, and weighed to 
estimate structural water content. Finally, the samples were heated at 1000 °C for 30 minutes, allowed to 
cool, and weighed to estimate carbonate content. 
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III.4 X-ray Diffraction (XRD) 
 In preparation for XRD analysis, a 5-10 g portion of each soil and rock sample was set aside and 
treated with glacial acetic acid or H2O2 respectively (Figs. 5-6). For each soil and rock, a 1-2 g subsample 
of the resulting material was bottled and sent to China University of Geosciences (Wuhan) for 
quantitative analysis in a PANalytical X’pert Pro Powder XRD for identification of diagnostic minerals. 
The instrument was run at a voltage of 40 kV with a current of 40 mA, and used Cu Kα radiation, with a 
wavelength of 0.15416 nm. The scanning was conducted for from 3° to 65° in continuous step scan mode 
at 0.417782 °/s with a step size of 0.017°. 
III.5 Standard Mineral Separation 
 After being prepared using the methods described in Section II.2, samples were processed using a 
combination of different methods to separate out the fraction of the sample containing zircon and other 
heavy minerals. These procedures are outlined in Figure 7. 
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Figure 7 Flow chart displaying the steps for standard mineral separation of zircon. Bold text indicates title of section 
describing the specific steps for the method in more detail. 
 First, the samples were distributed between several 1 L beakers, which were then filled with 
water. The beakers were placed in an ultrasonic bath and sonicated to break clays and other light minerals 
off of the surfaces of zircon and other heavy minerals. Beakers were removed from the bath every 15-20 
minutes to pour off the light minerals. Rock samples were sonicated for at least 90 minutes. Soils were 
sonicated for at least 180 minutes. Once dried, samples were sieved through a 500 µm (USS #35) sieve. 
Soils and non-calcareous rock samples underwent separation on an AMS M7 Micron Mill Wave Table. 
During this step of the process, heavy minerals were allowed to concentrate in pockets before being 
extracted with a vacuum pump. The remaining light materials were collected and set aside. For rocks that 
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had been treated with hydrochloric acid to remove calcium carbonate during preparation, this process was 
skipped. 
 The remaining heavy materials or undissolved residue next underwent heavy liquid density 
separation, using a lithium heteropolytungstate (LST) solution following Larsen et al. (2014). Once dried, 
the heavy fraction of the sample underwent magnetic separation in a Frantz magnetic separator. During 
this process, the material was subjected to increasing magnetic charges over the course of five runs. At 
the end of each run, the magnetic fraction was set aside. The electrical currents used for the five runs were 
< 0.60 A, 0.60-0.90 A, 0.90-1.20 A, 1.20-1.60 A, and > 1.6 A respectively. The final run was necessary to 
better remove the mineral apatite from the non-magnetic fraction of the sample. By the end of these 
separation procedures, what had begun as several kilograms of material was reduced to a non-magnetic 
fraction weighing a few grams at most. 
III.6 Zircon Acid Cleaning 
 Despite the numerous steps carried out to separate non-magnetic heavy minerals, much of what 
remained—typically 90% or more by weight—was comprised of amorphous silica and other unwanted 
material. This greatly complicated the task of identifying and extracting zircon. In addition, there was no 
surefire means to discern if a zircon had been hydrothermally altered until after the grain-mount 
preparation process. To address both the need to expedite the hand-picking process, and remove as much 
of the hydrothermally altered zircon as possible, the samples were treated with several acids. 
 First as a precaution, any samples that had not yet been treated with hydrochloric acid were 
submerged in a 10% solution of the acid for 10-15 minutes before being decanted and rinsed in deionized 
water. Next, following the procedures of Lackey (2005), all samples were treated with full strength nitric 
acid and heated on a hot plate for 1-2 hours at 85 °C. After cooling, the nitric acid was pipetted off, and 
the sample was rinsed three times with deionized water. Next, the samples were immersed in 15-20 mL of 
full strength hydrofluoric acid, partially covered, and left in a fume hood overnight for 12-16 hours. The 
following morning, the acid was pipetted off and samples were rinsed once again before being submerged 
in 40 mL of full strength hydrochloric acid and heated on a hot plate for 1 hour. After the acid was 
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pipetted off and the samples were rinsed in deionized water, they were rinsed twice more in isopropyl 
alcohol to speed up the drying process. 
III.7 Hand-picking and Mount Preparation 
 Once dry, the acid-cleaned samples were examined under 50x magnification on a Zeiss Stemi 
2000-C stereo microscope under both transmitted and reflected light. While only one hundred zircon 
grains per sample were desired, two hundred potential grains were picked from each to account for any 
misidentification during hand-picking and for any potential complications that might occur during the 
mount-making process. Each of the two hundred mineral grains were individually plucked from a glass 
slide and placed into rows within a 15 mm diameter circle on double-sided tape. A 1” plastic mold was 
affixed to the tape so that the circle containing the sample lay directly in the center. Epoxy was poured 
into each mount and allowed to harden for ~24 hours before being removed, lathed, ground, and polished. 
Samples were then carbon-coated in preparation for SEM analysis. 
III.8 Analytical Methods 
 Soil and rock samples were analyzed using several different methods. Polished carbon-coated 
epoxy mounts of glass beads and zircon were examined using both a Tescan Vega 3 LM Variable 
Pressure SEM and an iCAP Q ICP-MS equipped with a Photon-Machines Excite 193 nm LA system. The 
zircon epoxy mounts were analyzed using U-Pb geochronological methods on the LA-ICP-MS. Grain 
size was analyzed for soil samples using the Malvern Mastersizer 2000E. 
Trace Element Analyses 
 The glass beads were examined using electron dispersive spectroscopy (EDS) on the SEM for 
major element concentrations. The average measured concentration of SiO2 in the glasses was used as an 
internal standard in subsequent analyses on the LA-ICP-MS for major and trace element concentrations. 
The glass standard NIST SRM 612 was used as the external standard in the LA-ICP-MS analyses. 
Additionally, glass beads of USGS reference materials BCR-2, RGM-1, QLO-1, BIR-1, GSP-2, AGV-2, 
and BHVO-1 were created for use as secondary standards. After analyses were completed, the data was 
reduced using the ‘GLITTER’ software package. 
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Geochronological Methods 
 Cathodoluminescence (CL) and backscattered electron (BSE) images were collected for each of 
the zircon grain mounts using the SEM. Based on the CL images, zircon grains exhibiting younger rims 
surrounding an older core were not sampled. Although some of the samples contained zircon grains 
measuring as small as 20-30 µm in width, a 50 x 50 µm spot size was chosen to ensure enough material 
would be ablated to capture an adequate signal for geochronological measurements. Due to the spot size, 
larger-sized zircon grains were chosen when possible. Spots were chosen to avoid sampling any visible 
inclusions. At least 100 zircon grains were analyzed for U-Pb ages and trace element concentrations for 
each sample. NIST SRM 612 was used as a primary standard for trace element measurements in zircon, 
and RGM-1 was used as a secondary standard. For U-Pb age measurements, Zircon 91500 (Jochum et al, 
2005) was used as a primary standard, and Zirconia (NC) from Braun et al. (2009) and Covey et al. 
(2012) as a secondary standard. Data was reduced using the ‘GLITTER’ software package and age 
spectra were constructed. Age spectra for concordant 206Pb/238U ages were plotted as kernel density values 
calculated using the program Density Plotter (Vermeesch, 2012). 
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CHAPTER IV 
 
RESULTS 
 
IV.1 Soil Characteristics 
 At each field site, soil pits were excavated down to the saprolite layer. Soil horizons were 
identified based on field observations, including changes in clay and organic matter content, and color. 
Soil profiles for Site 1 and Site 2 are shown in Figure 8.  
 
Figure 8 Soil profiles from Site 1 and Site 2 depicting the thickness and Munsell color for each of the identified soil horizons. 
The Munsell color of the underlying bedrock is used to depict the color of the saprolite layer. 
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The ultisol soils found at Site 1 exhibited well-developed soil horizons, displaying a 4 cm thick A 
horizon overlying an 18 cm thick B1 horizon, and a 30 cm thick B2 horizon. The transition between the 
B1 and B2 horizons is quite readily visible (Fig. 9). 
 
Figure 9 Photograph of the inner-wall of the soil pit at Site 1 showing the transition between the B1 and B2 horizons. 
The B1 horizon is characterized by pale brown material that is clay-rich with poorly developed 
peds. The B2 horizon is yellowish brown in color and contains a significantly greater proportion of clay 
than in B1, with moderate peds.  
 The alfisol soils at Site 2 (Fig. 8) were very young and displayed poorly developed soil horizons. 
The transition between the A and B horizons was gradational, and not clearly defined (Fig. 10). The A 
horizon was estimated to be 14 cm thick, and the B horizon 31.75 cm thick. The A horizon is dark 
yellowish brown with a high proportion of organic material. The B horizon is brown and characterized by 
a relatively clay-rich composition with moderate-strong subangular peds. 
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Figure 10 Photograph of soil pit at Site 2 showing approximate transition between the A and B horizons. 
IV.2 Bulk Properties 
Several properties were measured for the soil and rock samples, including the bulk density, mean 
grain size (for soils), percent insoluble residue (for rocks), chemical index of alteration (CIA), and 
Munsell color. These properties are listed for each sample in Table 1. 
Table 1 Munsell color, bulk density with 1σ error, surface- and volume-weighted mean grain sizes, USDA soil texture, percent 
insoluble residue, volume strain (ϵZr, w), and chemical index of alteration (CIA) values for the rock and soil samples.  
Sample 
Munsell 
Color 
Bulk Density 
(g/cm3) 
Surface-
weighted 
mean 
grain 
size 
(μm) 
Volume-
weighted 
mean 
grain 
size 
(μm) 
Soil Texture 
(USDA) 
% Insoluble 
Residue 
ϵZr, w 
 
CIA 
B1 10YR 6/3 1.5 ± 0.2 10.964 43.044 Silt NA 0.809 73 
B2 10YR 5/6 1.5 ± 0.2 9.388 19.856 Silt NA 0.758 82 
840W 7.5YR 5/4 1.8 ± 0.2 6.412 29.348 Silt Loam NA 0.678 76 
Mfp 10YR 7/6 2.2 ± 0.6 NA NA NA 98.8% NA 71 
Oh 2.5Y 5/1 2.5 ± 0.1 NA NA NA 27.7% NA 80 
 
Grain size distributions of the soil samples from particle size analyses on the Malvern Mastersizer 
are shown in Figure 11. 
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Figure 11 Histogram of grain size distributions from particle size analyses on the Malvern Mastersizer 2000E. Lower limits of 
bins are labeled in units of μm and Phi. The table below the histogram shows the exact percentages of the samples for each 
of the bins. 
Grain mounts were made for each soil sample and photographed to characterize the degree of 
angularity or roundness of the grains (Fig. 12). 
 
Figure 12 Photomicrographs of grain mounts of B1, B2, and 840W soil samples immersed in oil with an index of refraction of 
1.54. Images captured at 200X magnification in plane polarized light.  
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IV.3 XRD Analyses 
 XRD analyses were conducted for all samples to identify diagnostic minerals. Clay minerals were 
not analyzed for. The results of these analyses are shown in Table 2. 
Table 2 XRD results as volume % for all five samples.  
Sample Quartz Plagioclase Apatite Chlorite Illite 
B1 95 5    
B2 95 3  2  
Mfp >98     
840W 92 4 4   
Oh 78 4 8  10 
 
IV.4 Zircon U-Pb Geochronological Analyses 
 More than one hundred zircon grains were analyzed from each of the five samples. However, in 
some cases, less than half of the analyses for a sample yielded 206Pb/238U ages that were concordant within 
1σ error. Due to the relatively large spot size, some of the grains analyzed were found to have been 
ejected during the ablation. These analyses were discarded during the data reduction phase. The complete 
dataset of ages, including discordant analyses, can be found in Appendix A, Table A2.  
Cathodoluminescence Imaging 
 Cathodoluminescence images were captured on the department’s SEM to aid in identifying 
potential age domains and inclusions. The zircon grains shown in Figure 13 all yielded concordant 
206Pb/238U ages. 
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Figure 13 Cathodoluminescence images of zircon grains from the B1, B2, Mfp, Oh, and 840W samples. The labeled grains 
yielded concordant 206Pb/238U ages within 1σ error. These ages are shown with 1σ uncertainty. The ellipses mark the 
approximate analysis spot for larger grains. 
Zircon REE Concentrations and U-Pb Concordia 
Concentrations of trace elements were measured for each spot analyzed. Some of the zircon 
grains analyzed were found to be enriched in light rare earth elements (LREE). This was likely the result 
of unknowingly sampling inclusions of other minerals in the analyzed spots. As a precaution, if the 
analysis exhibited LREE concentrations significantly higher than those of the other zircon analyses within 
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a given sample, the analysis was filtered out of the dataset. Similarly, any analysis that yielded a 
206Pb/238U age that was outside of 1σ error of the 207Pb/235U age was filtered out as discordant. The full 
dataset of concordant and discordant analyses is included in Appendix A (Table A2). The median 
concentrations of rare earth elements (REE) for the filtered analyses are shown in Figure 14 and the 
207Pb/206Pb and 206Pb/238U ratios are plotted on Tera-Wasserburg concordia diagrams in Figure 15. 
 
Figure 14 Median REE concentrations in zircon for the samples from Site 1 (A) and Site 2 (B) with error bars corresponding to 
95% confidence limits. 
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Figure 15 Tera-Wasserburg concordia diagrams for each of the five samples. The ellipses represent the 2σ uncertainty for 
each of the plotted analyses. 
Age Spectra 
 Age spectra were constructed from the filtered dataset of zircon analyses for the samples 
collected (Fig. 16). 
28 
 
Figure 16 Age spectra displaying the distributions of zircon 206Pb/238U ages for all samples plotted as kernel density estimates 
calculated using the Java-based program Density Plotter created by Vermeesch (2012). Age modes within the distributions 
are labeled with their corresponding age. 
IV.5 LiBO2 Glass Analyses 
Standard Analyses 
 Glass beads created from the powdered USGS reference materials BCR-2, RGM-1, QLO-1, BIR-
1, GSP-2, AGV-2, and BHVO-1, were analyzed to test the viability of the LiBO2 fusion method for 
measuring bulk sample major and trace element concentrations. In order to further analyze LiBO2 glasses 
using the LA-ICP-MS, it was first necessary to establish the concentration of Si in each sample using 
EDS. The results from EDS analyses of the secondary standards are shown below in Figure 17. 
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Figure 17 A. Measured concentrations from EDS analysis of rock standard glass beads vs true concentrations from 
Govindaraju (1994) and Wilson (1997; 1998a; 1998b). Error bars are 2σ. B. Measured concentrations of specific elements 
from the same analyses shown in A to illustrate the limitations in the accuracy of EDS analyses for specific elements. 
 With the average concentration of Si in each sample now known, the standard glass beads were 
analyzed using the department’s new LA-ICP-MS to test its accuracy and precision with samples 
prepared in this manner. The EDS-measured Si concentration of each standard was used as an internal 
standard for each analysis. The concentrations measured in these analyses are shown with the accepted 
values for comparison in Figure 18. For a majority of the analyses, the measured concentrations are 
within error of the true concentrations so that the markers plot along the 1:1 line, indicating the analyses 
are both precise and accurate. 
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Figure 18 Measured concentrations from LA-ICP-MS analyses of rock standard glass beads vs. accepted values with 2σ error 
bars. Accepted values for RGM-1, QLO-1, BIR-1, and BHVO-1 are from Govindaraju (1994). Accepted values for BCR-2, AGV-2, 
and GSP-2 are from Wilson (1997; 1998a; 1998b). 
Sample Analyses 
 The glass beads created from the soil and rock samples were analyzed on a LA-ICP-MS for major 
and trace element concentrations. Element concentrations in samples from Site 1 are shown in Figure 19. 
Element concentrations in Site 2 samples are shown in Figure 20. 
 
Figure 19 Concentrations of major and trace elements in the glass beads created from the samples from Site 1. 
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Figure 20 Concentrations of major and trace elements in the glass beads created from the samples from Site 2. 
 The close similarity of major and trace element patterns within the soil-bedrock pairs (Figs.19-20) 
strongly suggests that the soils were derived from weathering of the underlying bedrock and that bedrock 
composition was not highly variable. 
Volume Strain and Element Mass Flux 
 Using the densities of the soil and rock samples (Table 1) and the concentrations of major and 
trace elements from the glass beads (Figs. 19-20), it is possible to calculate a mass flux for each element 
to determine how immobile the element is. However, one element must be assumed to be perfectly 
immobile for this method to be used. Following Brimhall et al. (1991), I assume that Zr is perfectly 
immobile. With Zr as the index element, the volume strain (ϵ) can be calculated from the equation: 
 
𝜖𝑍𝑟,𝑤 =
(𝑉𝑤 − 𝑉𝑝)
𝑉𝑝
=
𝜌𝑝𝐶𝑍𝑟,𝑝
𝜌𝑤𝐶𝑍𝑟,𝑤
− 1 (1) 
Where the subscript, w, denotes the weathered material, i.e. soil, the subscript, p, denotes parent material, 
and V, ρ, and CZr, denote volume, density, and concentration of zirconium respectively. Assuming only 
one parent material for a soil, the volume strain approximates the amount of parent material that would 
need to be weathered to arrive at an observed volume of soil. The resulting volume strain allows for 
calculation of the mass flux, δj,w, for each element other than Zr using: 
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𝛿𝑗,𝑤 =
𝜌𝑤𝐶𝑗,𝑤(𝜖𝑍𝑟,𝑤 + 1) − 𝜌𝑝𝐶𝑗𝑝
100
 (2) 
Where δj,w is in units of g cm
-3 for a specific element of interest, j. Positive values of δj,w require external 
input—i.e. a second parent material—whereas negative values of δj,w suggest that only one parent 
supplied material to the soil (Brimhall et al., 1991). However, at both sites the presence of zircon age 
peaks within the soils that are not found within the age spectra for the underlying bedrock (Fig. 16) 
requires an exotic zircon component. 
 To account for this exotic component, some modifications were necessary for the calculation of 
mass fluxes for the soils. To estimate the volume fraction of exotic material in each soil, the age spectra 
of the soil and bedrock samples from each site were normalized so that the sum of the probabilities 
equaled one. Next, the age spectrum of the exotic component was determined for each soil and underlying 
bedrock sample set by calculating the difference between their normalized age spectra. The sum of the 
probabilities for the exotic component was assumed to equal its fraction in the soil. This is equivalent to 
the fraction of measured zircon ages in the soil that do not match zircon age peaks in the bedrock, which 
can be determined by simply counting the number of ages that do and do not match. Using these 
calculations, the soils from Site 1and Site 2 were found to contain an exotic component that comprised 
~25% of the ages within the soil age spectra. Therefore, rather than assuming the entirety of Zr in the soil 
was derived from weathering of the underlying bedrock, it was instead assumed that only 75% of the Zr 
came from the bedrock, following Brimhall et al. (1991). In Eq. 1, the concentration of Zr in the soil, CZr, 
w, was multiplied by 0.75 to account for the possibility of external input adding 25% of the total 
concentration of Zr in the soil (Figs. 21-22). Values for the volume strain are given for the soil samples in 
Table 1. 
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Figure 21 Element mass flux values for B1 and B2 soils at Site 1. Calculations assume that the weathering of the underlying 
bedrock (Mfp) supplies 75% of the Zr present in the soil, with the other 25% being sourced by an exotic component.  
 
Figure 22 Element mass flux values for the 840W soil at Site 2. Calculations assume that 75% of the Zr in the soil was derived 
from weathering of the underlying bedrock (Oh), with the other 25% being sourced by an exotic component.  
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CHAPTER V 
 
DISCUSSION 
 
V.1 Do the Results Indicate Soils Formed Solely by Chemical Weathering of Underlying 
Bedrock? 
 To address the question of whether the soils at the two field sites formed solely by chemical 
weathering of the underlying bedrock, several lines of evidence from the previous chapter are examined 
in the section below. 
Percent Insoluble Residue, Chemical Index of Alteration (CIA), XRD, and Grain Size and Shape 
 The percent insoluble residue and the chemical index of alteration (CIA) are both useful as 
qualitative measures for the role of bedrock weathering in soil formation. Percent insoluble residue is a 
measure of the soil forming potential of a rock—the higher the percentage, the greater the amount of 
material available to form soil. The percent insoluble residue values for the two bedrock samples are 
given in Table 1. Of the two samples, the Fort Payne has the highest percentage of insoluble constituents, 
as might be expected given its cherty composition. The Hermitage sample has a far lower percentage of 
insoluble residue due to its calcareous nature, and therefore less material available to chemically weather 
to form soil. 
 CIA is a measure for the degree to which a sediment has been weathered. CIA values are 
calculated from molar concentrations of Al2O3, CaO, Na2O, and K2O using the formula: 
 
𝐶𝐼𝐴 =
𝐴𝑙2𝑂3
(𝐴𝑙2𝑂3 + 𝐶𝑎𝑂∗ + 𝑁𝑎2𝑂 + 𝐾2𝑂)
 × 100 (3) 
Where CaO* is the fraction of CaO associated with the silicate fraction of the sample (Nesbitt and Young, 
1982). Unweathered granites and granodiorites have CIA values of 45-55, whereas average shales have 
CIA values of 70-75 and illites, beidellites, and montmorillonites have values of 75-85 (Nesbitt and 
Young, 1982).  
35 
 The CIA values for the soils from the two sites (Table 1) are all greater than 70, with two of the 
three falling between 75 and 85. These high CIA values indicate that these soils are not first-cycle 
sediments, and were likely derived from a recycled sedimentary source that had experienced a high 
degree of weathering. The CIA values for the Mfp and Oh bedrock samples are 70 and 80 respectively, 
suggesting that, much like the soils, both contain a significant proportion of recycled sedimentary material 
that has undergone a high degree of weathering. If bedrock weathering is the dominant process in soil 
formation at a particular field site, the overlying soil should have a CIA value that is at least equal to that 
of the underlying rock, if not greater than it. This is the case with the soils from Site 1, both of which have 
greater CIA values than the underlying Mfp bedrock. However, at Site 2, the overlying soil has a CIA of 
76, which is significantly lower than that of the underlying Oh bedrock, which is 80. This may be an 
indication that the Oh bedrock was not the only source from which the 840W soil was derived.  
 The results from XRD analyses of the samples (Table 2) provide another lens through which the 
derivation of soils from the underlying bedrock may be tested. If a species of mineral is present in the 
soil, but absent in the underlying bedrock, and is not a secondary mineral formed from weathering of a 
primary mineral in the bedrock, the soil must not have formed from bedrock weathering alone. At Site 1, 
chlorite is present in the B2 soil, and plagioclase in both soils, but both of these minerals are absent from 
the underlying bedrock. The bedrock from Site 2 contains illite, but this mineral is not found in the 
overlying soil. During the weathering process, it is probable that illite would have been altered to another 
clay mineral, such as montmorillonite, which would not have been detected by the type of XRD analysis 
performed on the samples, making its absence rather ambiguous. 
 In soils, the shape of a mineral grain can reveal the degree to which it has or has not been 
transported. During transport, particles advance by the process of saltation as they are carried either by 
wind or water. In this process, particles move along the surface in small hops, impacting with other 
particles and with their surroundings along the way. These impacts act to abrade the particles, giving them 
a more rounded shape (e.g. Brimhall et al., 1994) and may break individual particles into many smaller 
ones that, due to their smaller size, might be lofted higher and suspended in the transport medium over 
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longer distances before being deposited. If a soil has formed exclusively from in situ weathering of the 
underlying bedrock, mineral grains should be more angular. The size of a mineral grain can limit which 
agent of transport could have played a role. Grain size is particularly important when considering the 
possibility of an aeolian input of material as wind may transport grains measuring anywhere from >2 μm 
to 100μm in diameter over long distances (Gatehouse et al., 2001). The grain shape of the soils from the 
two sites was characterized by examining grain mounts (Fig. 12) of the samples. Within the B1 soil, many 
of the mineral grains appear to be mostly angular to subangular, though there is a small proportion of 
subrounded to rounded particles. Similarly, B2 also has a majority of angular to subangular mineral 
grains, but there is a higher proportion of subrounded to rounded particles than in B1. The 840W soil 
from Site 2 contains mineral grains that are much more angular than those at Site 1. No rounded grains 
were observed in this sample. The presence of rounded grains in soils at Site 1 could suggest an external 
input, but it is impossible to rule out derivation from the siliciclastic fraction of the underlying Fort Payne 
bedrock, which may contain mineral grains that were rounded by sedimentary transport. While the three 
soils contain particles within the grain size range transportable by wind, the shapes of a majority of the 
particles do not require that they were transported and it is entirely possible, based on the size and shape 
of the grains alone, for in situ weathering of the underlying bedrock to have formed these soils. 
Age Distributions and K-S Tests 
 A population of zircon grains found within a soil that was derived from a single bedrock source 
should yield a U-Pb age distribution that is similar to that of the zircon population in the bedrock. In such 
a scenario, the age distributions, plotted as kernel density estimates (Fig. 16) for the soil-bedrock pair, 
should have modes close to or at the same ages. To identify zircon ages of soil and bedrock that match we 
used frequency-weighted averages of the ages contributing to each KDE age-peak. If the bedrock was the 
sole parent source for the soil, then each peak in the soil’s age spectra, represented by a weighted average 
and standard deviation, should overlap with the frequency-weighted average and standard deviation 
associated with a peak in the bedrock’s age spectra. The weighted averages and standard deviations for 
the samples are given in Table 3 (Site 1) and Table 4 (Site 2). 
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Table 3 Weighted averages and standard deviations of 206Pb/238U zircon ages in Ma contributing to specific KDE age-peaks in 
the age-spectra (Fig. 16) for the samples from Site 1. 
Mfp Wt. Avg Wt. Std. Dev. B1 Wt. Avg Wt. Std. Dev. B2 Wt. Avg Wt. Std. Dev. 
436.4 92.2 455.9 53.6 297.1 174.2 
1098.9 165 1116.9 146.1 1142.9 195.1 
 
Table 4 Weighted averages and standard deviations of 206Pb/238U zircon ages in Ma contributing to specific KDE age-peaks in 
the age-spectra (Fig. 16) for the samples from Site 2. 
Oh Wt. Avg Wt. Std. Dev. 840W Wt. Avg Wt. Std. Dev. 
439.6 37.8 442.9 22.2 
    657.7 40.7 
1017.9 56.1 1043.5 47.9 
1328.4 78.3 1260.2 49.7 
    1439.5 35.2 
 
 As might have been anticipated from the visible resemblance of their age spectra (Fig. 16), the B1 
soil and Mfp bedrock have similar age-peaks, with weighted averages that are within error of each other 
at ~440 Ma and ~1100 Ma. The similarity of their zircon U-Pb age distributions seems to support the 
derivation of the B1 soil solely from weathering of the Mfp bedrock. At the same location, the B2 soil 
doesn’t appear to share the same degree of similarity with the underlying bedrock. While the weighted 
averages for B2 are within error of those of the Mfp bedrock, there is much greater error associated with 
them. Examination of the B2 age spectrum (Fig. 16) reveals that, in contrast to age peaks in B1 and Mfp, 
the young age peak in the B2 age spectrum is not normally distributed. The cause of the age spectra’s 
abnormal shape is the presence of several Pb206/U238 ages that far postdate the Lower Mississippian 
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depositional age of the Mfp bedrock of ~347-358 Ma (Wilson, 1990), including ages as young as 29.8 ± 
0.9 Ma and 33 ± 0.8 Ma. Because the age distribution of B2 is not Gaussian, comparison of the weighted 
averages for its two age-peaks to those of Mfp would not be meaningful. However, the presence of such 
young ages in the B2 soil suggest that weathering of the Mfp rock was not the only source for the B2 soil. 
Because B2 directly underlies B1, it would be expected that similarly young ages would be present in B1 
soil as well. It is not clear why these young ages do not appear in that soil. 
 The age spectra of the 840W soil and Oh rock (Fig. 16) show several similarities to each other, as 
do the weighted averages and deviations associated with several age-peaks (Table 4), with age-peaks 
matching within error at ~440 Ma and in the vicinity of ~1030 Ma. However, it is unclear which age-peak 
of the 840W soil corresponds to the third age-peak of the Oh bedrock, which has an associated weighted 
average of 1328.4 ± 78.3 Ma, as the overlying soil’s age spectra has two separate age-peaks that are both 
within 1σ error. Most importantly, the 840W soil has an age-peak corresponding to a weighted average of 
657.7 ± 40.7 Ma that does not show up within the zircon population in the Oh bedrock. Therefore, it is 
very possible the 840W soil might not have been derived solely from chemical weathering of the Oh 
bedrock. 
 For a soil formed only by chemical weathering of the underlying bedrock, the zircon U-Pb age 
spectra should not only appear to be visibly similar, they should also be statistically similar. It is possible 
to measure how similar the populations of U-Pb ages are between a soil and the underlying bedrock by 
comparing the cumulative age distributions using the nonparametric Kolmogorav-Smirnov (K-S) test. 
The K-S test was used to test the null hypothesis that the overlying soil displayed the same distribution of 
U-Pb ages as the underlying bedrock. A significance level of < 0.05 was required to reject the null 
hypothesis. If a soil was derived solely from weathering of the underlying bedrock, a significance level 
greater than 0.05 would be expected. Cumulative probability distributions for the filtered datasets for the 
three soil-bedrock pairs are shown in Figure 23 along with the significance levels from the K-S test 
comparing them. 
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Figure 23 Cumulative probability plots displaying 206Pb/238U ages for each soil and underlying bedrock. In each plot, the p-
values reflect the probability that the soil and bedrock samples have the same 206Pb/238U age distributions. 
 Of the three soil-bedrock pairs, the only one that has a significance level at or below the required 
threshold of 0.05 to reject the null hypothesis is the pair from Site 2, with a significance level of 0.01. For 
Site 1, the K-S test significance level for the B1-Mfp pair is just barely above the cutoff, at 0.051, while 
the B2-Mfp significance level is slightly higher, at 0.073. Therefore for these two soils from Site 1, the 
null hypothesis in the K-S test is accepted. It is easy to envision that with additional zircon U-Pb analyses, 
the significance level could change enough for B1 and Mfp to exhibit significantly different age 
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distributions, however it is unclear if the same could occur for B2 and Mfp. Based on the K-S test results, 
the B1 and B2 soils were both derived from chemical weathering of the Mfp bedrock, whereas the 840W 
soil must have had some other source of parent material in addition to the underlying Oh bedrock. 
Deconvolution of Age Components 
 Due to the detrital nature of the zircon within the samples, and associated multiple age 
components, definitively identifying all of the different age modes from within each sample’s U-Pb age 
population is very difficult. The weighted averages and standard deviations (Tables 3-4) discussed 
previously are one potential approach to this issue, but they have large errors associated with them. To 
better address this challenge, a routine called “Unmix” from the Isoplot software package (Ludwig, 2009) 
was used. Unmix uses an algorithm based on the Sambridge and Compston (1994) “mixture modeling” 
method to deconvolute multiple age components, assigning age peaks and proportions for each 
component based on an assumed number of components input by the user. For each of the five samples, 
the number of components was increased until a stable solution was obtained. For the samples from Site 
1, the Unmix routine revealed significant age peaks at 416.5 ± 1.4, 967.3 ± 3.2, and 1253 ± 4.5 Ma in the 
Mfp bedrock, 450 ± 1.7, 1012.1 ± 2.5, 1182.3 ± 4.4, and 1440 ± 7.4 Ma in the B1 soil, and 33.1 ± 0.5, 
81.1 ± 0.8, 361.7 ± 1.4, 940.9 ± 4.3, and 1239.6 ± 3.6 Ma in the B2 soil. The Oh bedrock has significant 
Unmix age peaks at 438.8 ± 1.7, 954.5 ± 4.6, 1042.8 ± 2.9, and 1328.6 ± 3.2, whereas the overlying 
840W soil has peaks at 442.2 ± 1.3, 1035.6 ± 2.8, and 1234.7 ± 5.7. The age peaks and associated 
probability density plots included below in Figure 24 (Site 1) and Figure 25 (Site 2). 
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Figure 24 Unmix results for the three samples from Site 1. Unmix age peaks are marked in green on each probability density 
plot and listed along with the fraction of the sample represented by each peak in the included tables. 
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Figure 25 Unmix results for the two samples from Site 2. Unmix age peaks are marked in green on each probability density 
plot and listed along with the fraction of the sample represented by each peak in the included tables. 
Many of the Unmix age peaks are in agreement with the peaks of the kernel density estimation 
and their weighted averages. For the B2 soil, the Unmix routine picks up on age populations that are 
missed by the KDE peaks and weighted averages, including a population at 33.1 ± 0.5 and 81.1 ± 0.8. The 
Unmix peak in B1 and Mfp around ~440 Ma is at the same location as the KDE peak, and suggests some 
component of bedrock weathering of Mfp to produce the B1 soil. The Unmix peaks at 940.9 ± 4.3 and 
1239.6 ± 3.6 are close to the Mfp Unmix peaks at 967 ± 3.2 and 1253 ± 4.5, suggesting that some 
component of the B2 soil was derived from the Mfp bedrock. The younger Unmix peaks in B2 that are 
too young to be derived from the Mississippian make sense given the KDE distribution, and suggest that 
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some component of the B2 soil was not derived from Mfp. The Unmix peaks identified in the 840W soil 
are all similar to the Oh bedrock except for one at 1234.7 ± 5.7. Overall the Unmix ages do not refute the 
clear genetic relationship between the 840W and Oh bedrock, but the presence of an apparent age 
population in the soil that is not in the bedrock suggests that weathering of the Hermitage alone could not 
have produced the soil.  
Potential Source Terranes for U-Pb Age Peaks in Bedrock and Comparisons to Price Fm. and 
Martinsburg Fm. 
 The zircon U-Pb ages from the bedrock can be used to learn about the tectonic setting in which a 
rock was deposited. Cawood et al. (2014) examined detrital zircon U-Pb ages in different sedimentary 
rock formations and found that by subtracting the maximum depositional age of the bedrock from the 
crystallization ages of zircon grains, the tectonic setting in which the formation was deposited could be 
identified. The exact timing of deposition of the Fort Payne Formation in the Middle Tennessee region is 
not known, though most—e.g. Wilson (1990)—consider it to be a Lower Mississippian rock unit. In 
contrast, the age of the Hermitage Formation is well-constrained to a depositional age of 453 ± 1 Ma by 
Holland and Patzkowsky (1997). Following Cawood et al. (2014), the deposition age was subtracted from 
zircon U-Pb ages from Mfp and Oh bedrock samples, approximating the depositional age of the Fort 
Payne Formation as 350 Ma, and using 453 Ma (Holland and Patzkowsky, 1997) for the depositional age 
of the Hermitage Formation (Fig. 26). 
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Figure 26 Cumulative probability plots of zircon U-Pb crystallization age minus the deposition age of the bedrock. Price 
Formation (Caldwell, WV) and Martinsburg Formation (Fincastle, VA) zircon U-Pb ages from Park et al. (2010). 
 The distributions shown in Figure 26 plot in the same area as detrital zircon from sedimentary 
rocks deposited in the Appalachian foreland basin, as shown by the distributions of the Lower 
Mississippian Price Formation (sample from Caldwell, WV) and Middle Ordovician Martinsburg 
Formation (sample from Fincastle, VA) (Park et al., 2010). This places the Mfp and Oh bedrock into a 
collisional tectonic setting of deposition. Zircon within the Oh and Mfp bedrock samples record several of 
the major orogenic events from the latest Proterozoic to early Phanerozoic that occurred in Laurentian and 
Gondwanan provinces. Both rock samples contain multiple zircon grains with ages corresponding to the 
Eastern Granite-Rhyolite Province (ca. 1300 – 1500 Ma), Grenville Orogeny (ca. 900 – 1300 Ma), and 
Taconic Orogeny (ca. 490-440 Ma) (Park et al., 2010). Zircon from the Mfp bedrock also record the 
Acadian Orogeny (ca. 350-390; Becker et al., 2005). Although the Price and Martinsburg formations of 
Park et al. (2010) are located in West Virginia and Virginia respectively—far from the sampling sites for 
the Mfp and Oh bedrock in Middle Tennessee—U-Pb ages from detrital zircon within these sedimentary 
rock units form age spectra with peaks that are at relatively similar locations to the Middle Tennessee 
samples (Fig. 27). 
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Figure 27 Comparison of Fort Payne and Hermitage zircon U-Pb age spectra and cumulative probability plots to those of the 
Price and Martinsburg formations from Park et al. (2010). 
 The two Lower Mississippian rock samples and two Middle Ordovician rock samples shown in 
Figure 27 have age spectra with some parallels in the ages at which peaks are located, but distinctly 
different shapes. In contrast, portions of the cumulative probability plots between the two Mississippian 
rocks and the two Ordovician rocks are alarmingly similar in shape. It is conceivable that two 
geographically distant rock units deposited over the same time period, within the same foreland basin, 
receiving detritus from the same massive geologic provinces as one another would contain zircon 
populations with similar U-Pb age modes, corresponding to major regional and global tectonic events 
related to the assemblage and rifting of super continents and continent-scale orogenesis. K-S tests were 
performed to determine if there was any statistically significant similarity between each pair. The Fort 
Payne-Price pairing was found to have dissimilar age distributions with a significance level of 0.001. The 
Hermitage-Martinsburg pairing had the same result, but with a significance level of 0. Despite the 
commonalities in where and when detritus was being sourced from, and the regional and tectonic setting 
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in which it was being deposited, the two Middle Tennessee samples are significantly different from their 
approximately coeval, central Appalachian counterparts. 
Potential Lead-loss in Zircon 
 Over time, the decay of uranium and thorium within a zircon grain damages the crystal lattice 
through a process called metamictization. This can result in the zircon losing lead. If a zircon crystallized 
shortly before it was deposited, a small amount of lead loss would decrease its U-Pb age significantly 
below the depositional age. It would be hard to detect the lead loss on a Terra-Wasserburg concordia plot 
in such a situation because the trajectory of the zircon’s U-Pb composition would be almost parallel to the 
concordia line. In Figure 26 there are a few cases where the zircon U-Pb age minus the depositional age 
yields negative values for the two bedrock samples, possibly because such lead loss has occurred. Two 
zircon grains from the Fort Payne sample give negative values from this equation, the most negative 
being -28.4 Myrs. There are eight zircon U-Pb ages in the Hermitage sample younger than the unit’s 
deposition age, but the most negative difference returned is -40.6 Myrs. None of these appear to be 
discordant because the age at which they formed is so close to the deposition age of the bedrock unit. This 
is not an issue for this study as absolute U-Pb ages are not crucial to identifying the soil’s provenance. For 
the purposes of comparing the age distributions between a soil and the underlying bedrock, such lead loss 
will not affect the outcome.  
Element Concentrations, Element Mass Flux, and Volume Strain 
 For a soil forming only from chemical weathering of an underlying bedrock parent, mass fluxes 
for all elements should be negative—though negative flux values do not require that a soil formed from 
only one parent. Positive mass fluxes, on the other hand, do require at least one additional parent material 
souce. Element mass flux values are presented in Figures 21-22 and in Table A1. Positive mass flux 
values that were within 1σ of a zero value were disregarded. For the samples from Site 1, most of the 
mass fluxes are negative, but both the B1 and B2 soils had a positive mass flux for Pb. At Site 2, the 
840W soil had a positive mass flux for uranium, as well as REE Dy, Ho, Er, and Yb. However, these 
mass flux values were calculated assuming only 75% of the Zr in the soil was derived from the bedrock, 
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the other 25% being contributed by some exotic source of parent material. Therefore, the positive mass 
fluxes that were calculated in this manner are rather inconclusive for determining if there was more than 
one parent material source. Removing the exotic component does not change the positive mass flux of Pb 
in both soils from Site 1. Therefore these soils may have had some external component that contributed 
additional Pb, but seem to have formed mostly from chemical weathering of the underlying bedrock. The 
positive flux of Pb in the soils might relate to lead particulates from leaded gasoline. In contrast, 
removing the exotic component results in mass fluxes that are negative for all elements in the soil at Site 
2, suggesting that the Hermitage bedrock alone could have formed the overlying soil there. 
 The volume strain may also be used with the measured thickness of the soil horizon to estimate 
the original height of the bedrock, Bp, prior to the weathering that produced the observed soils. Following 
Brimhall (1988), Bp and the height of the weathered soil section, Bw, may be substituted into Eq. 1, which 
can be rearranged to obtain: 
 
𝐵𝑍𝑟,𝑝 =
𝐵𝑍𝑟,𝑤
(1 + 𝜖𝑍𝑟,𝑤)
 (4) 
For the B1 and B2 samples, this equation returned BZr, p values of 0.92 m and 1.21 m respectively. The 
overall thickness of bedrock that was dissolved to form the B1 and B2 soils can found by subtracting the 
sum of the two BZr, w values from the sum of the two BZr, p values. This yields an estimate of 1.65 m for the 
total height of bedrock dissolved to form the observed soils. Assuming a median age of 100 ka from the 
128-75 ka Sangamon surface age range (Huckemeyer, 1999), this corresponds to an estimated denudation 
rate of 17 m/Myr for the Fort Payne Fm., which is of the same order of magnitude as a previous 
denudation rate estimate of 11 m/Myr in Reesman and Godfrey (1981). These calculations once again 
assume 25% of the total Zr concentration in the soil was derived from an exotic source. Removal of the 
exotic component from the formula used to calculate ϵZr, w in Eq. 4 changes the estimated total height of 
bedrock removed to 2.36 m, and the denudation rate further away from the estimate of Reesman and 
Godfrey (1981), to 23.6 m/Myr. The calculations in Eq. 4 were not carried out for the soil at Site 2 
because there is no correlated age for the bedrock surface. 
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Input of Exotic Material? 
 While weathering of the underlying bedrock seems to be the dominant source of parent material 
to the soils based on all the evidence presented, an additional exotic component is required at both sites. 
At Site 1, the B1 and B2 soils contained plagioclase, which was not found in the underlying Fort Payne 
bedrock. K-S tests show that the soils’ zircon U-Pb ages are not significantly different from those of the 
bedrock; however, for the B1 soil, the significance level of this test is just barely (0.01) above the cutoff. 
With additional U-Pb age analyses, the K-S test may determine that B1 and Mfp are significantly 
different in U-Pb age distributions. The presence of young zircon in the B2 soil that far post-date the 
depositional age of the Fort Payne—the youngest being 29.8 ± 0.9 Ma—cannot be explained by lead loss, 
and based on the wide spread in Cenozoic ages of other young zircon grains in this soil, contamination is 
also unlikely. The positive mass flux of Pb does require an external input, but may be derived from leaded 
gasoline.  
 At Site 2, the 840W soil has a lower CIA value than the underlying Hermitage bedrock, 
suggesting it is less chemically weathered than the underlying rock. This seems to indicate the presence of 
some secondary source of parent at this site that is less weathered than both the soil and Hermitage rock. 
The K-S test of zircon U-Pb ages in the 840W soil and Hermitage bedrock found a significant difference 
in their age populations such that the soil could not have come from the bedrock alone. 
 Therefore, for soils at both sites, it would appear that there is some exotic parent material that was 
not derived from the underlying bedrock. However, there is a predominant bedrock signature in all three 
soil samples from their associated underlying rock unit, suggesting that weathering of any exotic 
component would be minor in proportion to bedrock weathering. I will explore potential sources of exotic 
material for each of the two sites in the next section. 
 
V.2 What are the Potential Sources of Exotic Parent Material for the Soils? 
 While weathering the underlying bedrock seems to be a dominant source of parent material for 
soils at the two sites, as discussed in the last section, weathering of other rock units, of different 
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composition than the underlying bedrock, could be a source of exotic material. In addition, it is possible 
for alluvium or loess deposition to have contributed an exotic component to soils in the region. These 
potential sources will be evaluated for each of the two sites in the section that follows to determine which 
are most likely comprising an exotic component in each locale. 
Potential Sources of Exotic Parent Material for Soils at Site 1 
 As previously mentioned in Section II.2, Site 1 is located atop a terrace along the Harpeth River 
that Huckemeyer (1999) correlated to a Sangamon age equivalent surface. Terrace surfaces that originated 
during the Sangamon interglacial period in the Southeastern United States have experienced two or more 
episodes of loess deposition (Huckemeyer, 1999). Huckemeyer (1999) described the terrace at Site 1 as 
experiencing the two most recent of these episodic loess depositions, the Roxana Silt and the Peoria 
Loess, with the Roxana incorporated into the existing soil, and the Peoria present as a 25 cm-thick mantle 
atop the B-horizon. Despite excavating a soil pit down to the saprolite, no loess mantle was identified at 
Site 1. However, this does not rule out the presence of either or both loess units in the soils at this site as 
the majority of both the B1 and B2 soils are comprised of particles small enough to be transported by 
wind (>2 μm to 100μm; Gatehouse et al., 2001). While the majority of the grains are angular to 
subangular, B2 especially has numerous rounded and subrounded grains that could reflect wind transport. 
 Thick loess bluffs on the order of 25 m or more have been documented along the banks of the 
Mississippi River in West Tennessee (e.g. Rodbell, 1996; Rodbell et. al, 1997), but aside from 
Huckemeyer (1999), no published studies have identified Peoria Loess in Middle Tennessee. Due to the 
relatively old age of the terrace at Site 1, it is very likely that there was some loess deposition. 
Huckemeyer (1999) estimates 0.37-0.75 m of deposition on this terrace, split between the Roxana Silt and 
Peoria Loess. However, assuming a median age of 100 ka once again, and assuming that all 25% of the 
exotic input estimated earlier was from loess, I estimate a maximum of 0.43 m of total loess deposition—
a number much closer to the lower end of the range given in Huckemeyer (1999). For 0.75 m of loess to 
have been deposited—the upper end of the range estimated in Huckemeyer (1999)— ~43% exotic input is 
required, which is hardly the minor exotic component supported by the exotic zircon ages, XRD results, 
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mass flux values, and other lines of evidence discussed earlier. Instead, I would propose that if loess 
comprises the majority of the exotic component, the overall deposition of Roxana and Peoria combined 
would be much closer to the 37 cm estimated by Huckemeyer (1999), and possibly even lower. 
 It may prove difficult to deconvolute both a Roxana and Peoria loess signature from the soil. 
However, the presence of loess is required to produce the young ages observed in the B2 soil. There are 
no rock units in the Harpeth’s watershed, or even in the entirety of Tennessee that could contribute zircon 
with such young ages. Unless the Harpeth is carrying loess that was blown in and deposited on the 
floodplain, alluvium can’t explain the young ages in B2 either. This would support the presence of loess 
documented by Huckemeyer (1999), though it is not clear if the B1 and B2 soils record both a Peoria 
Loess and Roxana Silt signature. 
 As the soils at Site 1 sit atop the a high, flat terrace, some twenty or more meters above the active 
floodplain of the Harpeth River, any recent deposition of alluvium is highly improbable. If alluvium were 
to have contributed at any time during the development of the ultisol soils that sit atop the terrace, such 
contributions would have occurred around the time at which the bedrock surface and then-floodplain was 
abandoned by the Harpeth. Once abandoned, it is possible that alluvium might have been left atop the 
surface. Any major flooding events that might have occurred over the next several thousand years could 
have added additional river sediments to the terrace.  
 Well-developed soils like those at Site 1 typically require a timescale on the order of tens of 
thousands of years to form (Birkeland, 1999). If flooding occurred long after the surface was abandoned, 
there would be traces of fluvial reworking within the soil profile. No such reworking was observed in our 
excavated profile nor was any observed by Huckemeyer (1999) atop other surfaces at this terrace level 
elsewhere along the Harpeth River. Therefore, any contribution of alluvium as parent material should be 
relatively insignificant in comparison to that of the underlying Fort Payne bedrock. It is unclear if the 
presence of an appreciable quantity of alluvium would even be discernable from the other soil 
constituents as much of the geology surrounding the Harpeth River is comprised of the Fort Payne 
Formation or the stratigraphically-higher Warsaw Formation. 
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 The terrace at Site 1 is located near the middle of the Fort Payne Formation stratigraphically. The 
nearest exposure of the Warsaw Formation is 3 km away and > 75 m higher in elevation than the terrace. 
The Fort Payne Formation is 61 m thick on average in Tennessee (Nicholson et al., 2005). Over the past 
100 kyrs, it is highly improbable that the 1.1 to 1.7 m of overlying rock weathered away had extended up 
into the Warsaw. Therefore, it is highly unlikely that any bedrock unit other than the Fort Payne 
Formation could have contributed to the soil. There are no other bedrock units that could have provided 
an exotic component to the soil. 
Potential Sources of Exotic Parent Material for Soils at Site 2 
 As discussed in Section II.2, Site 2 sits atop an outcrop of Hermitage Formation limestone along 
Tennessee State Route 840. The alfisols atop this high flat surface are much younger than the ultisols at 
Site 1, having formed over the past several hundred to a few thousand years (Birkeland, 1999). Because 
they are so young, loess deposition is not considered to be a viable source for exotic material at this site. 
While this surface sits more than 10 m above the active floodplain of the Harpeth River, the possibility 
that alluvium might have been contributed by the Harpeth during the timescale of soil development at this 
site cannot be ruled out at this time. Characterization of the Harpeth River alluvium and its zircon U-Pb 
age spectra are needed to better address this question. 
 The other potential source of exotic material that could have contributed is the weathering of a 
bedrock unit that is compositionally different from the underlying Hermitage Formation bedrock. The 
next unit up from the Hermitage is the Bigby-Cannon Formation, which outcrops above the Hermitage 
along TN-840 approximately 0.15 km away from Site 2. Stratigraphically, Site 2 sits within the upper 
Hermitage Formation. Therefore, based on the stratigraphic position of Site 2 within this formation, and 
its proximity to an outcrop of the Bigby-Cannon Formation, it is very plausible that there might have been 
weathering of this other bedrock unit to contribute an exotic component to the soils at Site 2 over the past 
several hundred to few thousand years. The Bigby-Cannon Formation is a phosphatic limestone rock unit 
that is somewhat similar geochemically to the Hermitage Formation. If an exotic component was 
contributed by this rock unit, it may only be detectable via zircon U-Pb geochronology.  
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CHAPTER VI 
 
CONCLUSIONS 
 
 From a methods standpoint, this is the first of any known published studies to successfully 
recover zircon from limestone. We had attempted to recover monazite, another useful accessory mineral 
and geochronometer, from the limestone and soils but were unsuccessful either because it was not present 
in the sediment at the time of deposition, unidentifiable, or destroyed by weathering during the past few 
hundred million years since the rocks formed. Based on the results presented in this study, zircon U-Pb 
geochronology appears to be a powerful and effective tool for use in determining soil provenance in 
limestone terranes provided that adequate populations of zircon grains are analyzed for each sample. In 
most of our samples, 50% or more of the analyzed grains yielded discordant 206Pb/238U ages. Therefore, it 
is recommended that at least 200 zircon grains be analyzed for each sample, instead of the ~100 grains 
per sample analyzed in this study. If numerous potential end-members are being considered, it is 
recommended that even more than 200 grains be analyzed per sample. 
 We utilized KDE plots, weighted averages and the Unmix routine to try to identify age 
populations within each sample. The most useful of these three was the Unmix routine, which identified 
age populations with a much lower degree of uncertainty than the other methods. The K-S test proved to 
be invaluable for making meaningful comparisons of age distributions between the soil and underlying 
bedrock. The K-S test results from the comparison of each bedrock sample’s zircon U-Pb age distribution 
to that of a different rock unit hundreds of kilometers away that was deposited around the same time, in 
the same tectonic setting, receiving the sediment from the same orogenic sequence, illustrate how well-
suited this method is for this type of problem. While zircon U-Pb geochronology was useful in addressing 
the question of soil provenance in Middle Tennessee, this one method alone is not enough to answer it. 
Other methods are needed to fill in the gaps and corroborate what the geochronological results suggest. 
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 One of these other methods, mass flux, was difficult to use for determining soil provenance 
because of the large degree of uncertainty associated with the calculations. Some of this uncertainty was 
related to measurement of the rock density. Another component of it was due to the error associated with 
the concentration measurements. 
 From our analyses performed the soils and bedrock at both sites, it is evident that weathering of 
bedrock is the dominant soil-forming process in Middle Tennessee. Much of this weathering is of the 
underlying bedrock unit, though it is possible for stratigraphically higher rock units to contribute 
materials to the soils as well. If the latter scenario holds true, but the rock is not very different from the 
underlying unit geochemically, was deposited soon after the underlying unit, and has a similar 
environment of deposition such that its zircon age distribution is similar, it may be impossible identify its 
presence in the soil using any method. 
 In Middle Tennessee, there is no doubt that alluvium plays a role in contributing parent material 
to form soils along the many rivers dissecting the region, but it doesn’t appear to have played much of a 
role at either of the sites examined in this study. There are no rock units in the lands drained by these 
rivers or even in the state as a whole that could have contributed the young ages found in the soils atop 
the terrace. At Site 1, Cenozoic zircon U-Pb ages require that this exotic material be derived from loess—
likely either Peoria Loess or Roxana Silt, which are otherwise found in West Tennessee. This would be 
the furthest East in Middle Tennessee that their presence has been confirmed. At Site 2 it is possible that 
the Bigby-Cannon Formation has contributed material to the soils. Additional work is already underway 
by PI John C. Ayers and collaborator Xiaomei Wang to complete additional zircon analyses for the 
samples in this study and to characterize the geochemistry and zircon U-Pb age spectra of different 
potential end-members in the region, including alluvium from the Harpeth and Cumberland rivers, Peoria 
Loess, Roxana Silt, and Bigby-Cannon Formation. With this additional work, we anticipate being able to 
more firmly identify the exotic component or components present in the soils at each of the two sites. The 
characterization of these different end-members will facilitate future studies of soil provenance at other 
locations, either along more recently active terraces or foodplains, or atop other bedrock units.  
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APPENDIX A 
 
Table A1 Mass fluxes (g/cm3; grams of a specific element per volume of rock) for the B1‐Mfp, B2‐Mfp, and 840W‐Oh soil‐
bedrock pairs with standard deviations. Calculations assume 25% of Zr in soils was sourced from an exotic source, rather 
than the bedrock. 
Element δB1 S.D. δB2 S.D. δ840 S.D. 
Na -0.000313 0.265 -0.000198 0.156 -0.00136 0.503 
Mg -0.00349 3.959 -0.00304 3.414 -0.0177 5.019 
Al -0.0389 614.606 -0.0304 468.137 -0.0149 73.083 
Si -0.781 216978.902 -0.755 206178.142 -0.103 7658.766 
P -0.000253 0.0314 -0.000230 0.0278 0.00562 0.237 
K -0.0103 46.581 -0.00931 40.96 -0.0120 18.313 
Ca -0.00308 3.554 -0.00308 3.076 -1.198 269.812 
Sc -0.0000192 0.000135 -0.0000177 0.000122 -0.0000039 0.0000111 
Ti -0.00136 3.514 -0.000863 2.086 -0.000161 0.179 
V -0.0000842 0.00269 -0.0000751 0.00235 -0.0000138 0.000130 
Cr -0.000359 0.0396 -0.000351 0.0385 -0.0000115 0.000540 
Mn -0.0000402 0.00208 -0.0000412 0.00200 -0.00236 0.0507 
Fe -0.000504 0.0939 -0.000470 0.0856 -0.000123 0.00645 
Co -0.00000274 0.00000419 -0.00000161 0.00000235 -0.0000328 0.0000178 
Ni -0.0000953 0.00302 -0.0000915 0.00286 -0.0000276 0.000255 
Cu -0.0000338 0.000373 -0.0000328 0.000358 -0.0000072 0.0000218 
Zn -0.0000139 0.000120 -0.0000137 0.000112 0.0000197 0.0000757 
Ga -0.0000163 0.000150 -0.0000133 0.000118 -0.0000071 0.0000249 
Rb -0.0000486 0.000957 -0.0000419 0.000802 0.0000047 0.0000814 
Sr -0.0000272 0.000481 -0.0000243 0.000410 -0.000537 0.00358 
Yb -0.00000754 0.0000827 -0.00000582 0.0000602 -0.000850 0.00400 
Nb -0.00000297 0.0000227 -0.00000162 0.0000116 -0.0000011 0.0000038 
58
Cs -0.00000235 0.00000202 -0.00000187 0.00000158   
Ba -0.000143 0.0153 -0.000119 0.0121 -0.0000518 0.00217 
La -0.0000167 0.000176 -0.0000141 0.000143 -0.0000053 0.0000215 
Ce -0.0000281 0.000569 -0.0000224 0.000433 -0.0000118 0.0000937 
Pr -0.00000234 0.00000494 -0.00000189 0.00000377 -0.0000014 0.0000012 
Nd -0.00000851 0.0000706 -0.00000694 0.0000541 -0.0000031 0.0000108 
Sm -0.00000138 0.00000208 -0.00000111 0.00000159 -0.0000007 0.0000005 
Eu -0.00000028 0.00000008 -0.00000023 0.00000006 -0.0000002 0.0000000 
Gd -0.00000243 0.00000539 -0.00000197 0.00000414 -0.0000168 0.0000150 
Tb -0.00000014 0.00000003 -0.00000010 0.00000002 -0.0000001 0.0000000 
Dy -0.00000099 0.00000174 -0.00000065 0.00000106 0.0000006 0.0000004 
Ho -0.00000026 0.00000010 -0.00000019 0.00000007 0.0000001 0.0000000 
Er -0.00000070 0.00000080 -0.00000050 0.00000055 0.0000001 0.0000000 
Tm -0.00000009 0.00000002 -0.00000007 0.00000001 0.0000000 0.0000000 
Yb -0.00000071 0.00000100 -0.00000055 0.00000072 0.0000002 0.0000001 
Lu -0.00000010 0.00000002 -0.00000008 0.00000002 0.0000000 0.0000000 
Hf 0.00000071 0.00000412 0.00000083 0.00000451 0.0000021 0.0000055 
Ta -0.00000111 0.00000095 -0.00000112 0.00000092 0.0000000 0.0000000 
Pb 0.00000010 0.00000003 0.00000003 0.00000001   
Th -0.00000495 0.0000174 -0.00000370 0.00001243 -0.0000011 0.0000015 
U -0.00000150 0.00000200 -0.00000111 0.00000139 0.0000002 0.0000001 
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